The transplantation of animal organs into humans as a way of treating organ failure has been pursued for 100 years. Clinical xenotransplantation, as such, has always failed because the transplanted organ is rejected by the recipient. Recent advances in transplant immunology have revealed some mechanisms underlying the rejection of xenografts, and these discoveries have sparked efforts to use genetic engineering of animals and therapeutics directed at the recipient to overcome this problem. This communication reviews current understanding of the mechanisms of xenograft rejection and efforts to overcome rejection and other hurdles.
Introduction
The transplantation of organs and tissues from animals into humans, that is clinical xenotransplantation, has been sought for more than 100 years. When the field of transplantation was begun in the early years of the twentieth century, it was animals and not humans that provided the first organs used for attempts at clinical transplantation [1,2]. Animals were used as the source of organs then because the transplant surgeons did not think that human organs could be obtained in sufficient numbers and without breeching of ethics. For reasons that are much the same, interest in animal human transplantation persists today. What was not known in 1906 but is widely appreciated today is that transplantation of animal organs into humans is not a surgical challenge; rather it is challenge of overcoming daunting inflammatory and immune hurdles to success. In this brief communication, we shall summarize what is known about the biological barriers to transplanting animal organs into humans and what prospects exist for addressing those barriers. A full and detailed consideration of the biological barriers to xenotransplantation is beyond the scope of this essay; for this, the reader is referred to recent reviews of this subject [3,4].
Xenotransplantation excites nearly every inflammatory, immune and coagulation pathway. Accordingly, a question to understanding the pathogenesis of rejection and one that surely will determine whether and when xenotransplantation can be applied is whether the inflammatory, immune and coagulation pathways become excited in series or in parallel ( Figure 1) . If the pathways are excited in series then blocking the first pathway may prevent recruitment of the others and thus allow successful application of xenotransplantation. For example, anti-T cell therapies prevent the inflammation, immunity (humoral) and coagulation characteristically seen in severely rejected organs, thus allowing the prolonged survival of organ allografts and clinical application of allotransplantation. On the other hand, if the broad range of mechanisms reported to attack xenografts act independently then the prospects for inhibiting all successfully must be very low. Work in the field of xenotransplantation in the past several years has brought some encouraging and some discouraging answers to this question.
How many triggers and pathways of injury?
In Table 1 we list some of the putative triggers and pathways through which organ xenografts are damaged. The reader is referred to our recent discussions of this subject [4-8]. As one might expect, the list of pathways grows almost inexorably, as few will publish evidence that a given type of injury does not cause a problem. We reported that the alternative pathway of complement [9] and apoptosis [10] might be less of a problem than had been thought, but reports such as these are far less common (and less noticeable) than reports of new obstacles.
Each of the many destructive mechanisms listed in Table 1 has been claimed to potentially act independently to destroy a graft. If those mechanisms act independently, then each would have to be inhibited, potentially by independent therapeutic approaches, for an organ xenograft to persist. The devising of separate therapeutic approaches for each of these pathways would seem a daunting undertaking, and one might well question whether the combination of measures needed would be compatible with life.
Fortunately, some evidence would suggest that certain of the pathways to injury of xenografts happen in series. Some years ago we found that injury to endothelium may be controlled by transcriptional regulation of IL-1α [11,12] and more recently that blocking the action of IL-1 prevents or delays graft damage [7] . Consistent with this concept, McGregor et al. [13] recently found that when antibody binding to xenografts is inhibited and the action of complement is controlled, cardiac xenografts appear not to be subject to spontaneous damage by coagulation or inflammation. These results would suggest that, as in allografts, early immune reactions rather than a myriad of inflammatory events determine graft outcome.
Accommodation and the outcome of xenografts
Nearly twenty years ago we noticed that transient control of binding of antibodies to an organ graft causes a change in the graft that allows function and survival in the face of a rekindled humoral response. We used the term accommodation to refer to this apparent resistance to humoral injury and we speculated that this condition might be important for the application of xenotransplantation injury [14] . We suggested too that accommodation might have a broader physiologic role in host defense [15] . If accommodation confers resistance to various forms of tissue injury, it could explain survival of xenografts in the face of multiple independent pathways of injury. Until accommodation can be "diagnosed" and excluded, one cannot conclude that mechanisms of injury act in series.
Galα1-3Gal and the destruction of xenografts
Thirteen years ago, Good et al. [16] reported that a saccharide expressed by pigs and other nonprimate mammals was the major target of xenoreactive natural antibodies. Lin et al. showed that anti-Gala1-3Gal antibodies trigger hyperacute and acute vascular rejection of xenografts and that depleting those antibodies can allow accommodation to ensue [17, 18] . These findings raised the possibility specific inhibition of the production of those antibodies or disruption of the synthesis of the saccharide might dramatically improve the outcome of xenografts.
Preventing production of anti-Galα1-3Gal
Various approaches have been taken to inhibiting production of anti-Galα1-3Gal antibodies. Besides attempts at using immunosuppression, some have tried to induce tolerance. One approach involves the administration of swine hematopoietic stems cells into suitably conditioned primates [19] . To date this approach has not been fully evaluated because persistent engraftment of xenogeneic bone marrow cells has proved difficult to achieve [20] . To avoid difficulties in achieving enduring engraftment of these cells, Bracy et al.
[21] expressed α1,3-galactosyltransferase, the enzyme that catalyzes synthesis of Gala1-3Gal, in autologous cells, hoping these cells might persist better than xenogeneic cells. This approach has not been reported to succeed in primates.
Preventing expression of Galα1-3Gal and complement activation
Given the difficulties in inducing tolerance to Gala1-3Gal and other antigens, interest became focused on genetic engineering of swine in ways that would make their organs more compatible with human immune system or less susceptible to injury by it. The first approach taken was to express human complement regulatory proteins as the products of transgenes in swine [22] . This approach, particularly expression of decay accelerating factor or membrane co-factor protein, which inhibit complement at the level of C3 or C4, dramatically improved the outcome but did not allow enduring survival of organ xenografts [23, 24] .
To the extent that the barrier to xenotransplantation can be reduced to the immunological reaction of antibodies (or natural killer cells) with Galα1-3Gal, an alternative approach to genetic engineering would offer more specificity and perhaps more efficacy-the targeting of the α1,3-galactosyltransferase gene. Targeting of this enzyme was enabled by the development of methods for the cloning of swine [25, 26] . On the other hand, if the barriers extended beyond Galα1-3Gal then Gal-knock out pigs might not provide the "ideal" organs [27] . Recent experiments using Galα1-3Gal-deficient pigs have shown that organs lacking that saccharide can be made to survive for prolonged periods of time (months) but not indefinitely [28, 29] , and the outcome may be no better than what can be achieved using organs expressing that sugar [30,31]. These results suggest that another barrier, perhaps the antibody response to xenogeneic proteins, poses a more difficult hurdle than Galα1-3Gal. The results should stimulate further efforts toward induction of tolerance or accommodation. Potenital solutions to the problem of coagulation and thrombosis have been studied in rodents. Over-expressing anti-coagulation genes or genetically deleting genes, which cause coagulation, prevents acute vascular rejection in rodent models. Chen et al. [39] found that hearts from mice transgenic for the tissue factor pathway inhibitor or hirudin survived for greater than 100 days after transplantation into rats and resisted acute vascular rejection, whereas non-transgenic hearts were rejected within 3 days. Dwyer et al. [40] found that hearts from transgenic mice expressing human CD39, the major triphosphate diphosphohydrolase which convents ATP and ADP to AMP, which is further degraded to the antithrombotic and anti-inflammatory mediator adenosine, resisted acute vascular rejection. Mendicino at al.
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[41] found that targeted deletion of Fgl-2, an inducible endothelial cell procoagulant in the donor, prevents acute vascular rejection in a mouse-to-rat cardiac xenotransplantation model. These results would seem to suggest that therapeutics directed at coagulation and thrombosis may have important therapeutic potential in xenotransplantation. However, observations in swine to primate models are less encouraging. Cowan et al. [42] and Byrne et al. [43] found that anti-thrombotic and anticoagulant agents have limited or no impact on the outcome of swine organs transplanted into non-human primates. Hence, whether coagulation and thrombosis would pose hurdles to clinical xenotransplantation independent to rejection and if so how to solve the problem remain unknown.
Xenotransplantation and the risk of infection
Because the animals used as sources of xenografts can be fully characterized, bred and treated in various ways, the risk of transmitting an infectious agent from the graft to the recipient should be much less than the risk in allotransplantation (human-to-human) where the donors are scarce and incompletely characterized. One exception is the risk of transmitting an endogenous retrovirus present in all sources. Such a retrovirus is the porcine endogenous retrovirus or PERV. Nearly ten years ago, Patience et al. [44] reported that PERV could infect human cells. That finding raised alarm that xenotransplantation might not only engender a risk to the recipient of a xenograft but also to society, as a new virus might evolve by mutation or recombination following infection of a human. Happily, while PERV could be found to infect various types of human cells, no survey of human subjects revealed any evidence that infection occurred after xenotransplantation or parenteral exposure to swine cells and tissues [45, 46] . However, these surveys depended on measuring levels of the virus in human versus pig cells and were limited to the analysis of blood cells. Hence we conducted experiments in which human cells were introduced into fetal swine and then later tested for infection by PERV. In fact, we found that PERV did infect human cells in vivo and did so by the fusion of human and swine cells and that the fused cells were infectious, although only to a limited extent, for human cells [47] . This observation provided one explanation for how infection of human cells might have been overlooked and suggested what may be a general mechanism for the spread of viruses between species [48]. However, Galα1-3Gal on PERV can be recognized by anti-Galα1-3Gal antibodies and viral infection blocked in vitro; hence, the transfer of PERV from swine to human cells in pigs may be more relevant to viral transfer from α1,3 galactosyltransferaseknock out pigs than to transfer in from the tissues of pigs expressing that enzyme. Furthermore, whether PERV poses any biological risk is still unknown.
Concluding remarks
Xenotransplantation of organs is met with challenging obstacles. Humoral rejection and the transfer of retroviruses pose difficult hurdles that are still unsolved. However, cell and tissue transplants are not susceptible to humoral rejection, and hence these transplants can be conducted without special measures directed at complement or antibodies. Furthermore, cell and tissue transplants, such as islet or hepatocyte transplants, are generally conducted without removing the failing organ; hence, the recipient is not necessarily harmed by failure of the graft. Given these considerations, xenotransplantation, albeit not of organs, may be closer to clinical application than is generally appreciated. 
